Abstract--Single grain X-ray and electron diffraction patterns of weathered biotite flakes exhibit groupings of 001 and hk reflections of biotite, vermiculite, mixed-layer clay minerals, and kaolinite indicating that the secondary minerals are in parallel crystallographic orientation to the parent biotite. Asterism of biotite reflections is enhanced by weathering. Gibbsite crystals developed in parallel basal orientation to biotite flakes. Most goethite in weathered biotite occurs as aggregates of randomly oriented crystals in cleavages and on grain surfaces. Some goethite is present on micaceous fragments as 0.05-/~m size, lathlike crystals in a hexagonal arrangement with their (100) face resting on the (001) biotite face. Selected area electron diffraction patterns of aggregates of lathlike goethite crystals contain 0k~, lk~, and 2k( reflections due to undulation of the aggregates and the extreme thinness of the crystals. These patterns indicate that the close packed anion layers in goethite coincide with the brucite-like layer of the micaceous minerals.
INTRODUCTION
showed that weathered biotite in saprolite and pallid zone materials formed granular pseudomorphs consisting of various mixtures of biotite, vermiculite, mixed-layer biotitevermiculite, kaolinite, gibbsite, goethite, and hematite. They found that the abundance of secondary minerals within the grains increased towards the surface of the soil although grains at different stages of alteration were present in each horizon. The mineralogy of these weathering products is similar to that of the altered biotite described by Eswaran and Heng (1976) and Eswaran and Bin (1978) , but little information is available in the literature on the mechanism of these transformations.
Single crystal X-ray and electron diffraction techniques have been used to determine how the structure of the parent biotite grains influences the nature and arrangement of weathering products.
MATERIALS AND METHODS
Altered biotite grains were separated from saprolite and pallid zones of deeply weathered granitic rocks at Jarrahdale, southwest Australia. Details of soil properties and separation procedures are found in Gilkes and Suddhiprakarn (1979) .
X-ray diffraction (XRD) patterns of single, -0.5-mm size flakes were obtained with Fe-filtered cobalt radiation using a Philips 114-mm diameter camera equipped with low angle collimator and beam trap. The flakes were not rotated during exposure and were positioned perpendicular and parallel to the beam for successive 1 Permanent address: Department of Soil Science, Kasetsart University, Bangkok, Thailand.
photographs. The mounted flakes were next inserted into a Gandolfi camera (Gandolfi, 1967) , and random orientation diffraction patterns obtained to permit identification of all minerals present. Some flakes were given one or more treatments with citrate-bicarbonatedithionite (CBD) solution to remove goethite. Several flakes of fresh biotite were treated with sodium tetraphenylboron solution to convert them to vermiculite, and XRD patterns were obtained of the products.
Selected area electron diffraction (SAD) patterns were obtained from submicrometer-size grains separated from altered biotite flakes using a Hitachi HU IIB electron microscope. Alteration products and associated mica substrate from freshly cleaved surfaces of altered biotite flakes were dispersed in water and deposited onto carbon-covered grids. A 20-A thick layer of tin was used as an internal standard where accurate measurement of spacings was required.
Some figures showing XRD and SAD patterns have been modified to improve the photographic reproduction of weak reflections and increase resolution of closely adjacent reflections. These features were clearly visible in the original patterns. The notations A5R, etc. in the figures refer to sample horizons. The notation ~--~ and ~ III is used in figures to signify respectively XRD patterns taken with flakes parallel and perpendicular to the beam.
RESULTS

X-ray diffraction of single flakes
Flakes oriented parallel to the X-ray beam gave enhanced basal reflections, and those oriented normal to the beam gave enhanced hk reflections (MacEwan, 1961) . Typical XRD patterns for a fresh biotite flake are shown in Figure IA , B. Both patterns are complex, containing many hkl Laue reflections. The strong basal reflections at 10, 3.33, 2.50, and 2.00/~ occur on a single axis in Figure 1A . The strong 020 reflections (4.55 A) occur on continuous streaks in Figure lB . The streaking of nonbasal reflections (asterism) is a characteristic of biotite and is due to random defects in structure (Hendricks, 1940) . Figures 1C, D , E, and F are patterns of flakes from the saprolite zone which exhibit intermediate stages of alteration. These flakes contain vermiculite and/or mixed-layer mineral (14-15 A), kaolinite (7.2 A), gibbsite (4.8/~), goethite (4.18 A), and biotite (10/~). The basal reflections of biotite, vermiculite, mixed-layer clay minerals, kaolinite, and gibbsite are on a single axis in Figures 1C and 1E demonstrating the parallel orientation of these platy minerals within the flake. Goethite gave continuous rings indicating that goethite crystals are not preferentially oriented. The hk reflections of the platy minerals at about 4.5/~ and 2.5 A fall on streaks which have become much more intense with the increased disorder of these minerals due to weathering.
Diffraction patterns characteristic of flakes at an advanced stage of alteration are presented in Figures 2A , B, and C. These flakes contained abundant aluminumsubstituted goethite which dominates the diffraction pattern and obscures lines due to other minerals. Partial removal of goethite by CBD treatment permitted identification of other components (biotite 10 A, kaolinite 7.2 A,, gibbsite 4.85/~), in parallel orientation. Electron microscopy showed that some goethite crystals within opened cleavages are arranged in hexagonal patterns upon the micaceous substrate (Gilkes and Suddhiprakam, 1979) . Removal of the much more abundant, nonoriented, fine-grained deposits of goethite from the exteriors and highly exfoliated interlayers of flakes by CBD treatment might have permitted detection of pre-ferred orientation in the remaining interlayer goethite. However, no clear evidence of preferred orientation of goethite was seen in patterns of the CBD-treated flakes. Fluctuations in intensity around the goethite diffraction rings were probably caused by variations in adsorption of the diffracted beam due to the platy morphology of the flakes.
Some highly altered biotite flakes from the pallid zone were repeatedly treated with CBD solution until no goethite remained. The fragile residues usually consisted of various mixtures of biotite, vermiculite, mixed-layer clay minerals, kaolinite, and gibbsite. Some flakes appeared to consist solely of highly oriented kaolinite ( Figures 2D and E) , but the faint residual asterism ( Figure 2F ) suggests the presence of minor amounts of micaceous minerals.
In XRD patterns of altered biotite taken with the beam perpendicular to the flakes, the nonbasal hk reflections of micaceous minerals usually occurred on well-defined axes ( Figure 2F ). The 02 and 11 reflections near 4.5/~ defined the direction of the b-axes. The nature of a series of reflections oriented on an axis 30 ~ to the b-axis, with spacings near 2.5/~, varied with the relative proportions of micaceous minerals present in the flakes. Enlargements of typical groups of reflections at about 2.5/~ for a flake from the pallid zone oriented perpendicular to the X-ray beam are presented in Figures 3A and B. Possible assignments for the reflections at -2.5/~ are listed in Table 1 and were derived by comparison with published XRD patterns of biotite, vermiculite, and kaolinite (see Brown, 1961) and from patterns of K-depleted flakes containing biotite, vermiculite, and mixed-layer biotite-vermiculite obtained in this work. It is evident that the a-and b-axes of biotite, vermiculite, and kaolinite exhibit parallel orientation which is probably inherited from the orientation of these axes in the parent biotite grain. Although unique hk reflections of mixed-layer clay minerals were not noted, these minerals probably retained the orientation of the parent biotite. Nonbasal reflections of gibbsite were not found in these XRD patterns so that the orientation of this mineral remains unknown.
Selected area electron diffraction
A variety of morphologically distinctive materials are present in scrapings from the surfaces of cleaved, altered biotite grains and may be simply subdivided into micaceous fragments and fine-grained alteration products, although a continuous range of intergrades and mixtures is present. Micaceous fragments with a microcrystalline, mosaic-like morphology are present in scrapings from surfaces of CBD-treated, altered biotite flakes from the pallid zone. These fragments were very susceptible to damage by heating in the electron beam but give characteristic SAD patterns when low beam The dioctahedral mineral may be kaolinite that had developed epitaxially or topotaxially from a micaceous mineral, thereby adopting the same crystallographic orientation. It is unlikely to be a dioctahedral micaceous mineral since optical, XRD, and electronoptical measurements gave no evidence for the presence of dioctahedral micaceous minerals in these specimens. This interpretation is consistent with the results of XRD studies of single flakes described above which also show a parallelism of the a-and b-axes of kaolinite and micaceous minerals. A greater range of orientations was seen in XRD patterns due to different instrumental factors including the greater angular divergence of the X-ray beam relative to the electron beam. The much greater size of XRD specimens (-10 -4 g) compared to SAD specimens (~10 -is g) would also have allowed a much greater range of orientations to exist within a single flake. In contrast to the strong, sharp reflections on welldefined nets present in SAD patterns of micaceous fragments, some fine-grained alteration products gave complex, weak SAD patterns which could rarely be fully interpreted. Minor amounts of 0.1-/~m size, raftlike aggregates of laths (~0.05 x 0.005/zm) gave SAD patterns in which the broad, weak reflections mostly fell on regular nets (see Figure 4) . Most reflections in this and similar patterns can be indexed on the basis of a goethite unit cell with the Ewald sphere intersecting 0kg, lk~ e, and 2k~ planes of the reciprocal lattice. The raftlike fragments therefore are parallel arrays of goethite laths resting on their (100) faces so that 0k~e reciprocal lattice points intersect the Ewald sphere in a region near the center of the pattern. The lk~e, 2kg reflections may also be the result of undulations within the rafts and elongation of reciprocal lattice points along the a-axis perpendicular to the laths (Gard, 1971) . The arcing of reflections confirms that a range of orientations is present. Although synthetic goethites have generally been found by electron microscopy to consist of well-defined acicular crystals (MacKenzie et al., 1971) , natural occurrences of small, lathlike crystals resembling those described here have been reported (Beutelspacher and van der Marel, 1968) . A more complex SAD pattern containing reflections due to goethite and a micaceous mineral is shown in Figure 5A . This specimen consists of a fragment of a micaceous mineral densely coated with hexagonally Figure 5 . A SAD pattern of a fragment of micaceous mineral coated wi[h hexagonally arranged rafts of goethite crystals (similar to fragment shown in B). Spacings in Angstrom units. Indices of reflections due to goethite and a trioctahedral micaceous-mineral are shown. Weak rings due to a tin internal standard were visible in the original pattern, arranged goethite rafts ( Figure 5B ). The SAD pattern consists of a hexagonally symmetrical net of sharp hk0 reflections from the micaceous mineral and broader arced goethite Ok( and lk~ reflections. The goethite reflections are also arranged in a hexagonal array since the hexagonal arrangement of rafts on the micaceous substrate has probably resulted in the generation of three goethite patterns at 60 ~ relative rotations. This pattern demonstrates that c (goethite) 11 b (mica) and b (goethite) 11 a (mica). The same relative orientation of goethite and micaceous mineral was found to exist for many fragments including those in which the goethite rafts were not hexagonally arranged. This result is in direct contrast with the absence of preferred orientation ofgoethite in whole flakes which was indicated by single flake XRD patterns. The difference may be explained by the optical and electron-optical observations that most goethite occurs as thick, fine-grained deposits rather than as thin layers of hexagonally arranged crystals on micaceous surfaces and by the much smaller size of the regions contributing to SAD patterns.
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DISCUSSION
The structure of the parent biotite grain has strongly influenced the orientation of alteration products within the altered biotite pseudomorphs present in saprolite and pallid zones of deeply weathered profiles. Kaolinite has the same orientation as associated micaceous minerals and may have developed by epitaxial or topotaxial replacement. The major differences in structure and chemistry between the kaolinite and the micaceous minerals requires that considerable modification occurred to both cation and anion layers of biotite during this transformation. However, the preserved orientation suggests that some of the approximately closepacked anion layers of the tetrahedral and octahedral sheets have been preserved. If this was the case, silicon and aluminum ions and protons would have migrated through these anion layers to form kaolinite. Magnesium and other cations would have migrated out of the flakes to surfaces where they were released to soil solution. Several mineral alteration processes involve retention of anion layers and diffusion of cations, for example magnetite may alter topotaxially to maghemite (Sidhu et al., 1977) .
The oriented growth of goethite on micaceous mineral surfaces as hexagonal arrangements of lath-shaped crystals is not readily explained as being due to the preservation of close-packed anion layers. The approximately close-packed anion sheets of the (i00) surface of goethite and (001) surface of the tetrahedral layer of micaceous minerals are parallel but the axes within these sheets do not coincide, i.e., c (goethite) is not parallel to a (mica). This relationship is depicted in Figure 6 . The highly oriented development of goethite on the micaceous mineral surface cannot be regarded as epitaxial growth due simply to continuation of the approximate close packing of this surface. Such an arrangement would lead to parallelism of the b-axes of the two minerals. However, the goethite close-packed anion sheet may be positioned such that its orientation is the same as that of the anion sheets containing both apical oxygen ions of the silica tetrahedra and hydroxyl ions on the opposite side of the micaceous oxygen surface, i.e., the brucite-like sheet. The relative orientation of micaceous mineral and goethite would then be the same as that deduced from SAD patterns.
Other explanations for the preferred orientation of goethite with respect to the micaceous mineral substrate may be inter alia that goethite develops on the hydroxyl surface of a kaolinite interface which has been shown to be highly oriented with respect to biotite. Alternatively goethite crystals may form on correctly oriented nuclei developed from iron-rich regions of the octahedral layer of the micaceous mineral. It is not possible on the basis of the available evidence to determine which of these mechanisms is correct, and possibly all may operate. One clear conclusion is that the structure of the parent biotite grain exerts a strong influence on the development of some kaolinite and goethite in the weathered pseudomorph.
